Abstract-It is expected that HTS bulk materials will be applied to various electric devices. We have fabricated and tested a linear synchronous actuator with double-sided primary and HTS bulk secondary. The linear actuator consists of a field-cooled YBCO bulk for secondary (mover) and copper windings with iron core as a primary. The primary, which was excited by a three-phase VVVF power source to generate sinusoidal traveling magnetic field, was divided into two sections: 1) the starting section in which the secondary is accelerated as an induction machine; and 2) the synchronous section in which the secondary moves with a specified synchronous speed. As the secondary, two field-cooled bulks were arranged in certain interval. In this paper, for various intervals of bulks, we experimentally investigated the static characteristic in points of synchronous thrust force and the pull-in characteristics. And we developed a simulation program based on the finite element method (FEM) to investigate electromagnetic behavior within the bulk exposed to the magnetic field generated by the primary winding. We investigated the influence of the size, the number, and the interval of bulks on the static characteristic in points of synchronous thrust force by using the developed computer program.
I. INTRODUCTION

I
T is expected that HTS bulk materials will be applied to various electric devices such as motors, flywheels and levitation systems, and so on [1] . Linear synchronous actuators with field-cooled bulk secondary have the potential to obtain larger magnetic field than conventional ones with permanent magnets. Therefore, it is expected that the linear actuator with field-cooled bulk secondary can generate larger thrust forces and can be designed with larger air gaps between primary and secondary compared with conventional ones.
We have fabricated and tested a linear actuator with single-sided primary and short secondary with field-cooled YBCO bulk. Starting thrust force and magnetic field distribution in the air gap between the bulk and the primary iron core were measured as preliminary experiments. A computer program based on the FEM considering voltage-current characteristics of HTS bulk has been developed to evaluate electromagnetic behavior within the HTS bulk exposed to traveling magnetic field. Since the simulation by the developed computer program agreed with experiments, the validity of the computer program and the assumptions set in the simulation were confirmed [2] .
As the next step, we designed and fabricated a model linear actuator with double-sided primary and a YBCO bulk secondary. The linear actuator with double-sided primary is superior to that with single-sided primary in terms of generating larger magnetic field, while the magnetic attractive force between iron of primary and field trapped HTS bulk secondary can be cancelled [3] .
The aim of our fabricated model system is to investigate the dynamic characteristics as an induction-synchronous linear actuator. Therefore, we divided the primary into two sections: 1) the starting section in which the secondary is accelerated as an induction machine; and 2) the synchronous section in which the secondary moves at a specified synchronous speed.
It is difficult to produce a large HTS bulk from the technology constraint and the cost. In this paper, first of all, we investigate the influence of the interval of two bulks and the size of single bulk on the static characteristic, and also compare the two bulks with single large bulk.
II. MODEL ACTUATOR
A. Structure
The schematic drawing of a model linear synchronous actuator is shown in Fig. 1 placed at both sides of the YBCO bulks. The primary was excited by a three-phase VVVF power source to provide a sinusoidal traveling magnetic field. The primary AC current of 1.0 A (effective value) generates a magnetic field of 0.013 T in the air gap. As shown in Fig. 1 , the secondary takes the form of a " T, ". The YBCO bulks and the two copper plates are located vertically and fastened to the center of the secondary. To move the secondary smoothly, bearings are attached on both sides of the secondary. The length of the bulk in the driving direction is 28 mm ( , where is the pole pitch of primary). The YBCO bulk was immersed in a bath during experiments. Specifications of the model linear actuator are listed in Table I .
B. Principle of Drive
We prepared two VVVF power sources for the starting section and the synchronous section individually. And the primary is divided into the starting section energized by high-frequency source (in the range of 50-100 Hz) and the synchronous section energized by a low-frequency source (2 Hz), as shown in Fig. 2 . In the starting section, the YBCO bulk secondary is accelerated as an induction machine.
III. EXPERIMENTS
To investigate the static characteristics of the model linear synchronous actuator with double-sided primary and field-cooled YBCO bulk secondary, the thrust-angle characteristics were measured. We prepared solenoid coils for field trapping in the bulk as shown in Fig. 3 . The coils, with an inner diameter of 57 mm, an outer diameter of 116 mm, and a thickness of 13 mm, were wound with copper wires by 250 turns and generates 0.06 T at the center at 10 A. The YBCO bulk was magnetized by the field-cooling process.
After trapping a field, two YBCO bulks were fastened at some intervals to the center of the secondary which was connected to a load cell to measure the thrust. The primary windings were excited by DC power sources so that a momentary sinusoidal traveling field is formed in the air gap. The synchronous thrust force was measured by changing the position and the interval of the YBCO bulks in the sinusoidal field.
IV. NUMERICAL SIMULATION
To simulate the electromagnetic behavior in HTS bulk exposed to an external magnetic field, we developed a computer program based on the two-dimensional FEM. By using the computer program, we calculated the supercurrent distribution and the trapped field within the bulk and also synchronous thrust force of the actuator.
The simulation technique generally used in eddy current problems of normal metal was used in this simulation. The governing equation derived from Maxwell's equation is as follows: (1) where is the magnetic vector potential in the direction; is the permeability; is the exciting current density in the primary windings; and is the supercurrent density. The critical state model and a nonlinear relation between the supercurrent density,
, and the electric fields, , was adopted. To satisfy Ohm's law: (2) and the critical state model within superconductor:
The equivalent conductivity of superconductor, , was adjusted by the following iterative method.
1) Initial value of is assumed sufficiently large. 2) If , then,
and solve the governing equation to get a new distribution of .
Step 2) is repeated until does not exceeded the critical current density, , in all elements of the superconductor.
In the simulation, the critical current density of the bulk was assumed at . And the current sheet model was applied to the primary current. Moreover, the thrust was calculated according to Lorentz force.
V. RESULTS AND DISCUSSION
A. Static Characteristic 1) Influence of the Interval of Two Bulks:
To investigate the influence of the interval of two bulks on the static characteristic of the model linear synchronous actuator, we performed experiments and simulations on the relationship between thrust force and load angle. Each of two bulks was made to individually trap a magnetic field of 0.06 T. Fig. 4 shows the results of experiments and simulations by plots and lines, respectively. The simulation results qualitatively agree well with experiments, while the calculated thrust force exceeds that in experiments. It is thought that two-dimensional approximation in the simulation is the cause of quantitative discrepancy. Fig. 5 shows the simulation result of the thrust-angle characteristics as changing the interval of two bulks from 2 mm to 36 mm at the primary current of 1.0 A. Fig. 6 shows the relationship between the maximum of the thrust force and the interval of two bulks.
As seen in Fig. 5 , the peak of thrust force shifts from 60 degrees to 120 degrees as decreasing the interval of two bulks. Moreover, Fig. 6 shows that the maximum of the thrust force decreases mostly linearly as the interval of the bulks becomes large.
2) Influence of the Size of Bulks: We carried out the simulation for four kinds of bulk with length of 28 mm, 42 mm, 56 mm and 84 mm. The simulation results are shown in Fig. 7 . The thrust force becomes larger as longer length of a bulk. This is because the region of supercurrent within a bulk extends as shown in Fig. 8 . The distortion of the thrust-force characteristics is produced by the supercurrent in the opposite direction to the supercurrent for field-cooling. The rate of the current region whose direction is contrary to the direction of supercurrent to a current region becomes smaller as the length of a bulk becomes long, so the distortion of the characteristics becomes smaller with increasing the length of bulk.
3) Comparison of Characteristic Between Two and Single Bulks:
To investigate the influence of multiple bulk sections, we compared the difference of magnitude of thrust force between the case of two 28 mm bulks and the case of single 56 mm bulk. The result is shown in Fig. 9 .
As seen in Fig. 9 , the thrust force in the case of single large bulk is twice as great as that in two bulks. Therefore, in order to obtain the thrust force of the same magnitude, the field-cooling current must be enlarged about twice. The distribution of magnetic flux density of each bulk is shown in Fig. 10 , and this is considered to be the cause by which the thrust force decreases by dividing the bulk.
B. Pull-In Characteristics
1) Strength of Pull-In Force:
To investigate the magnitude of pull-in force, we observed the synchronous process in the case that the accelerated speed is under the synchronous speed. Each of two bulks was made to trap individually of 0.06 T. We set the effective value of primary current to 1.5 A, and changed the interval of two bulks. The results are shown in Fig. 11 .
While the secondary can be pulled into synchronism in the case of interval of 2 mm, it is failed in the case of interval of 28 mm. This is reason that larger pull-in force is needed as synchronous force becomes larger.
2) Magnitude of Hunting: On the same assumption, we make pull-in as fast as synchronous speed and observe the conversion of the velocity of actuator. Fig. 12 shows the trace of the load angle and the secondary speed. As seen in Fig. 12 , it can grasp that the amplitude of speed becomes larger with increasing the thrust force.
VI. CONCLUSION
We designed and constructed a linear synchronous actuator with double-sided primary and two field-cooled YBCO bulks secondary. And we investigated the influence of the interval of two bulks, and the influence of the size of single bulk. We showed the possibility that the linear actuator with two field-cooled bulk elements as secondary can generate equivalent thrust forces compared with one with single element.
